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ABSTRACT

A description of a continuous wave helium-neon gas laser using
a beam sweep process in the design of a distance measuring instrument is
presented. The various parameters of the system are investigated and
optimally selected within the confines specified by the desired system
characteristics. A transmitter unit was designed and constructed and the
electronics necessary to extract the distance information as received
from the transmitter unit was designed and a prototype built.. The entire
system has been tested and data is given. The results indicate that tak-
ing an average of 12 readings at any one distance will give the desired
second order accuracy, and that a modification in the electronic circuit
will substantially improve the system performance.
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CHAPTER I

INTRODUCTION

There are several manufactures of short-range electronic dis-

tance measuring devices on the commercial market. The fundamental prin-

ciple underlying the design of most of the units available today is

either time of flight measurement or phase shift measurements. In the

first case, electromagnetic radiation is emitted at one extreme of the

distance to be measured, a reflector is placed at the other, and the

total time it takes the radiation to transverse this distance is record-

ed. Knowing the speed of electromagnetic radiation and any factors

which may alter this value such as air density (barometric pressure and

temperature), it is a simple matter to calculate the distance between

the emitter and reflector. L = ct, where L = the distance of separa-

tion, c = the speed of the radiation, and t = the time elapsed. In the

second casd, a known modulation is present on the signal beam and the

phase shift upon reflection of the returned beam is recorded. There is

a direct linear relationship between the degrees of phase shift and the

distance of separation. In both cases, however, it is required that the

associated electronic circuitry be rather sophisticated and as a result

quite costly.

It is the purpose of this study to investigate the design of a

low-cost, accurate, short-range electronic distance measuring device

using a continuous wave (cw) helium-neon laser in a beam sweeping mode

as opposed to a pulsed or modulated system.

The emitter unit contains the portable HeNe laser and the sweep

mechanism; the receiver unit contains the photodetectors and the nec-

essary electronics to process the signal. The two photodetectors are
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separated at a fixed distance D, and the beam sweep angular speed w, is

held constant. The fundamental range of this instrument is set between

100' and 1000' -- distances normally encountered in everyday short-range

surveying.
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CHAPTER II

SYSTEM DESIGN

Mathematical Approximations

The basic assumption of this system design is that the distance.

of separation between the sending and receiving unit is inversely pro-

portional to the pulse interval as determined by the beam sweeping

across the two photodetectors. This must be mathematically justified.

In order to describe the system, consider the diagram presented in fig-

ure 1. In that diagram, w ='the angular speed of the sweep mechanism,

p = the angle swept, D = the photodetector separation, and L = the dis-

tance between the emitter and receiver. As noted from the figure, there

is a discrepancy between the separation D and the vertical separation of

the points a and b (dotted line). Let one half this distance be g (Fig-

ure 2). When L is at its minimum of 100', g is noted to be larger than

when L is at its maximum of 1000'. Therefore, only if g is negligible

at 100' will this discrepancy be eliminated. From figure 2, it is seen

that D/2 = L sin(p/2) + g,

h/2 = L sin(p/4), (from Lsin(p/2)=hcos(p/4))

d = h sin(p/4),

g = r sin(p/2), and

d = r cos(p/2).

By eliminating d, r, and h from the last four equations we obtain for

g: g = 2L sin2(p/4) tan(p/2)

= 2L tan(p/2) ( - cos(p/2))

= L (tan(p/2) - sin(p/2)).

Let D be chosen such that at 100' p does not exceed 0.068 radians (4').

Then the tangent and the sine of the angle p/2 are
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Figure 1. Beam Sweep Schematic

r . Et

Figure 2. Exaggerated Sketch of the System Geometry



tan(0.034) ; 0.03401, and

sin(0.034) - 0.03399.

Hence, g is described by

g = 100'(0.00002 )

= 0.002'

= 0.024".

Since the photodetectors to be used have an active junction diameter of

0.49", 0.024" will not cause any significant variation in the time in-

terval as the distance L is increased; ie, as 0.024" approaches 0.000"

as L approaches its upper limit.

This being the case, g can be dropped from the equation

D/2 = L sin(p/2) + g,

with the results that D/2 = L sin(p/2).

However, sin(0.034) = 0.03399 " 0.034, so let us therefore assume that

in all cases concerned that

D/2 = L (p/2), or

D = Lp.

From figure 1, we observe that w = p/t, or t = p/w. Since

p = D/L, we have that t = D/Lw. Thus it is seen that with D and w fixed,

the time of separation between the two pulses is inversely proportional

to L. Let D be selected as 2 pi feet, and the sweep frequency be chosen

as 1 Hz. Since w = 2 pi f, we have that t = 1/L seconds, where L is in

feet.

The design problem can be stated as follows: Obtain a beam

sweep with w being very constant (in order to retain the validity of the

equation t = 1/L), record the time t, invert this quanity and display

the results.



Range and Necessary Accuracy of the Instrument

The primary consideration of any distance measuring instrument

is the range of distances to be measured. Since we are dealing with a

short-range instrument, we select a range of between 100' and 1000' as a

good working value, the justification being that a good percentage of ac-

tual surveying work lies in this range.

The standard deviation of a series of measurements is defined as

--2
o- (sigma), such that o-= + x i - x) ,

n-1
where x. is a particular measurement, x is the mean value, and n is the

total number of measurements. The standard deviation is a good figure of

merit for any distance measuring instrument. The system design will try

to achieve second order accuracies throughout its range which is to say

that the measurements should not have errors greater than 1 part per

15,000 (reference 5).

Selection of Beam Sweeper and Laser

The next logical question to ask is what value for the angular

speed of the beam sweep mechanism would be optimal? Factors affecting

this choice are the dependence of the accuracy of the sweep mechanism

on the frequency of rotation, the total time available for each measure-

ment, and the transfer of sufficient energy to the receiver at the upper

limit of the distances to be measured.

First of all, a source: Of the available methods, a judicious

choice was considered to be the servomotor from the Sony Model TC-800B

Tape Recorder. See plates 1 and 2. From all aspects, this motor, due

to its large inertia, many magnetic feedback sensors and the disposition
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of four shaft angular frequencies (1 Hz, 2 Hz, 3 Hz, and 4 Hz) was

chosen as being sufficient for the prototype. The actual ability of the

motor to retain constancy in angular speed is to be determined from the

experimental set-up.

With a load applied to the motor, the most constant angular

speed is 4 Hz. The other speeds show a reduced ability to control this

constancy of frequency, the 1 Hz resulting the poorest. However, the

primary design is to epoxy a front surface mirror on top of the shaft--

this is the total load. (Note that on plate 1 there is mounted a cubical

structure on a rubber drive wheel with four front surface mirrors

epoxied to each face. This was an earlier design which later proved to

be inadaquate and hence abandoned for the simpler mirror mounted direct-

ly on the shaft.) See Figure 3. Because of its rather large inertia

and the state of no load, it will be assumed that even at its lowest

frequency of 1 Hz, the servomotor will have sufficient constancy of

angular speed, w.

The time available for the measurement to be taken is considered

reasonable if it lies in the range-of from 5 seconds to 2 minutes. As

we shall see later, choosing the 1 Hz source has a direct effect on the

time of measurement, but a discussion of this dependence must be pos-

poned until the intricacies of the electronics is considered.

The lowest frequency is desirable from the energy standpoint

in that it maximizes the amount of energy transferable to the photo-

detectors. At 100', the energy transferred is no problem, but at 1000'

when the lineaar velocity of the beam sweeping past the photodetectors

has a magnitude of ten times that at 100', the rational of selecting

the lowest frequency is easity appreciated.
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2- _I _ Front Surface Mirror

(load)
-- Motor Shaft

.. Motor

Figure 3. The Front Surface Mirror Mounted on the Shaft of the Servo-
motor.

Mount

Silicon Layer
Evaporated Gold
Wire Lead ILayer

Figure 4. Dimensions of the Schottky Barrier Photodiodes

I, Cur ent

~ Back-Biased Load Line 5L

__ \4-L

3-L

\ __2-L

1-Lumens

a V, Voltage

Figure 5. The V-I Characteristic Curves for the Schottky Barrier
Photodiodes
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The laser to be used is a 0.75 mw Helium-Neon cw gas laser.

Based on the 1 Hz sweep frequency, energy transfer calculations which

shall be done subsequently offer a means of predicting if the 0.75 mw

laser has sufficient power for the maximum range of 1000'.

Selection of the Photodiodes and Optical Filter

The photodetectors selected are two United Detector Technology

PIN-10 Schottky Barrier Standard Silicon Photodiodes. They have dimen-

sions as depicted in figure 4. A PIN photodiode is one in which a heavi-

ly doped p'-region is separated by a material which is nearly intrinsic

(reference 1). The advantages of the PIN diodes are good response time,

responsivity, and linearity. The V-I characteristic curves for the

Schottky Barrier diode is shown in figure 5. The photodiodes will oper-

ate in the back-biased mode in order to take advantage of the detector's

linearity and to de-crease the risetime response. The maximum power be-

fore saturating is given as 1 mw/cm2 . Since the 0.75 mw laser has a

beam area at 100' greater than 1 cm , it is obtained that the power den-

sity of the laser beam over the complete range is less than 1 mw/cm 2

which implies complete linearity.

The complete spectral response of the photodiodes is from 0.28

microns to 1.07 microns with a minimum absolute responsivity of 0.26

uamps/uwatts at 0.6328 microns, the wavelength of the laser used. .The

responsivity of a photodiode is a measure of its sensitivity to light and

is defined as the ratio of the current produced by the diode (amps) to

the amount of light falling on it (watts).

With such a responsivity it would be impossible to detect a .

swept laser beam of relativity low power without some means of eliminat-

ing the unwanted background intensity. Hence, a special optical filter
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is used which has a 30 angstrom bandwidth at the center wavelength of

6328 angstroms. The transmission of the filters at the center wavelength

is between 70 and 80%. Also, in order to reduce the effects of any spu-

rious incident light, the photodetectors are sheathed in a 3" cylindri-

cal tube (figure 6). The angle of acceptance q, is given by q = 2 tan- 1

(d/2a); where d = 0.98", a = 1.5" and, q ' 36 degrees. However, since

the sweep angle between the photodetector at 100' is just q 4 degrees

(with the photodetector separation at 2 pi feet), there will be no

problem as to the beam acceptance.

We now have the beam from the HeNe gas laser being swept at 1 Hz

across two filtered photodiodes. The question now remains as to the

exact nature of the spatial energy distribution of the beam. For example,

consider the unlikely case where the distribution of intensity appears

as in figure 7. If this were the case, there would result in two pulses

per diode and the system would necessarly have to be designed around

this fact.

Spatial Distribution of the Laser Beam

To investigate the nature of the beam shape, consider first the

operation of the laser: A gas laser consists of a discharge tube en-

closed in a resonant cavity; in this case, the cavity is a hemispherical

one, which means that one end has a plane circular dielectric mirror,

and the other has a spherically circular dielectric mirror with a radius

of curvature equal to the mirror separation. Due to the effect of stim-

ulated emission within the tube, the wavefront is planar and uniform in

both amplitude and phase. Therefore, in essence the beam shape upon

.emergence from the circular mirror is goverened simply by Fraunhofer

diffraction at a:circular aperature. Following Born and Wolf (reference
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Figure 7. Unrealistic Spatial Distribution of Beam Intensity
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Figure 8. Actual Spatial Distribution of Beam Intensity



2), the intensity is given by: I(p) = IU(p) 2

= (2J (kaz)/kaz) I ,

where Io = the maximum intensity, J1 (kaz) is the first order Bessel

function with the argument kaz where a = the radius of the circular aper-

ture, z = the radius of a particular point in the diffraction pattern,

and k = the magnitude of the wave number = 2 pi/\ . The function

y = (2J1(x)/x)2

is plotted in figure 8. Since the second maximum has an intensity of

0.0175 times that at x = 0, the side lobes will not be important in terms

of energy transferred. Figure 9 is a photograph of the actual beam shape

recorded as the beam swept past the photodetector.

The equation I(p) =I (2J (kaz)/kaz)2
o 1

may be rewritten in terms of the angle oc between the origin (center of

the circular aperture) and the particular point on the diffraction pat-

tern (figure 10). Hence, I(p) = 1 (2J ( 2 pi a sinov)/A)2

(reference 6) (( 2 pi a sinoc)/,)2

using the notation of figure 10. The first zero is the point of impor-

tance since virtually 100% of the energy lies within the first null-to-

null beamwidth. This occurs when 2 pi a sin(o)/, =3;8, or sin(c() I= A/2a.

However, for L small, sin(o) o( 4 z/L, hence z = AL/2a. We can there-

fore see that z varies linearly with L and the null-to-null beamwidth,

2z,,also varies linearly with L.

The beam therefore retains its basic shape but diverges to encom-

pass a larger area as the separation between sender and receiver is in-

creased.

The beam divergence is a fixed quanity specified for a given

laser. For the 0.75 mw laser used (19 cm mirror separation), the max-
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Figure 9. Photograph of the Spatial Distribution of the Laser Beam

Figure 10. Fraunhofer Diffraction at a Circular Aperture

Gas Waves
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Figure 11. Optical Telescope Used to Limit the Beam Divergence
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imum beam divergence is given as 1.5 milliradians. At the aperture the

beamwidth is 1.2 mm; we can therefore calculate the beamwidth at any dis-

tance by the simple relation z = L(1.5)(10-3).

When the distance is 1000', z is 1,5'. When the distance is 100', z is

1.8". The 1.8" beamwidth is quite acceptable at 100', but at 1000' the

1.5' beamwidth implies that the spatial power density (mw/cm2 ) is too

low and the signal to noise ratio correspondingly low. This naturally

leads us into a consideration of limiting the maximum beam divergence

to around 3 to 4 inches at 1000'. This is accomplished using an optical

telescope focused at 1000' and not at infinity. Figure 11 shows the

physical set-up.

Optical Control of Beam Divergence

Assume that the laser source is an effective infinite source;ie,

the beam is plane parallel. The Gaussian form of the thin lens equation

(reference 3) is 1/s + 1/s' = 1/f,

where f is the focal length of the thin lens, s id the object distance,

and s' is the image distance. We have therefore,

1/f = 1/s1 + 1/s' ,

where sI = infinity. Hence, I/f1 = 1/s'.

Also, I/f2 = 1/s2 + I/s

where s' L = 1000'. Lens L1, was chosen with a focal length fl 5cm;

lens L2.with a focal length f2 = 9 cm. We therefore calculate the sep-

aration between the two lens as: f = 5 cm, s2  s2/(s2 - f which
1 2 2 2 2 2

implies s2 is a number slightly greater than f2. Since s = fl + f2'

a slide adjustment for the lens was incorporated into the design. (Refer

to Plate 1))
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Estimation of the Laser Power Necessary at the Instrument's Maximum Range

The amount 6f incident light on the photodiode which produces a

signal equal to the noise generated internally by the photodiode is

called the noise equivalent power (NEP) (reference 1). This is the min-

imum detectable signal level. There are two mechanisms for n6ise pro-

duction, shot noise in the photodiode and thermal resistor noise in the

external circuit. Following UDT's Design Manual,

V = (2eI B) R ,

where V is the shot noise, e is the electronic charge, I is the dark
s o

current, B is the bandwidth, and RL is the load resistor. Also,

VT= (4kTBRL ),

where VT is the thermal noise voltage generated in RL. And,

V1 ilR L ,

where V1 is the light generated signal voltage in RL. It is seen that

i consists of two parts, a steady DC part due to sunlight bias, and the

pulsed part due to the swept laser beam.

The signal to noise ratio is

S/N= i R /((4kTBRL) + (2e0TB) R
L)

= il/((2eI B)2 + (4kTB/R L))

The NEP occurs when SNR = 1, hence when

i = ((2eIoB) + (4kTB/RL))

or NEP = RL((2eIoB) 2 + (4kTB/RL))

= ilRL ;

where RL = 100K ohms, I o = 0.5 uamps (PIN-10 at 10 volts backbiased),

-23 -19
T = 300 K, k = 1.38 x 10 J/ K, e = 1.6 x 10 coulombs, and B = 1 Hz

(see reference 1). Hence, NEP - 8 x 10-7 watts/Hz1 . The problem now

remains to determine the power available at 1000' with the given sweep
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rate with the 0.75 mw laser. The time it takes a circular pulse to

cross the 0.5" detector junction at 1000' is given approximately by

t = x/rw, where v = x/t = rw, x being the beamwidth at 1000' (around 3"),

r = L = 1000' = 12,000", and w = 2 pi f = 2 pi radians. Therefore, t

40 useconds, the crossing time. The bandwidth is therefore roughly given

by B = 1/t = 26 KHz. Hence, the power per Hz2 is 0.75 mw/25KHz = 4.8 x

-6 110 watts/Hz2 . We can therefore see that the 0.75 mw laser being swept

at 1 Hz will theoretically have enough power to send a detectable signal

out to the upper limit of 1000'.

Physical Mount and Alignment Proceedure

In order to be able to align the beam scanner with the photodiodes,

the laser, servomotor, and optics were mounted on a transit (plate 2).

The beam was carefully adjusted to be parallel to the optical sight of

the transit telescope wuch that a target mounted on the receiver serves

as an alignment method. Also, as in similiar measuring proceZdures, the

photodetector mount bar should be situated to be perpendicular to the

optical sighting direction and should be leveled. Methods, procedures,

and associated errors due to the positioning of the bar can be found in

any standard Civil Engineering handbook.

There exists a problem in alignment which could cause measurement

errors. If the plane of rotation of the beam does not coincide with the

plane formed by the photodiodes,.there will be a discrepancy between the

real distance and that measured. The diagram below indicates this.

_ _ _ __ -2 pi '
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The worst case would be at 1000' when the spot diameter is around

4". The error in the measurement is due to the &t, where the maximum

deviation &t 2 8 msec at 1000'. Hence the error would be 8 usec/1 msec

=.8%. It is therefore imperative that the beam sweep be in the same

plane as the photodiodes.

Electronics for Information Processing

The final item to be considered is the electronic data process-

ing. Two pulses are received from the two photodetectors. These pulses

are to a first approximation consinusoidal and of rather small amplitude.

This is observed in figure 9. The time interval between these two pulses

varies inversly with the distance. The system must accurately measure

this separation and then invert it to obtain the distance measured. An

averaging process should be incorporated into the system to reduce the

effect of random errors. Lastly, the separation is to be displayed

directly in feet in order to minimize measuring time and to avoid time

consuming--error producing steps. See plate 4. Chapter 2 now considers

in detail the system electronics.
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CHAPTER III

CIRCUIT DESIGN

The purpose of the information prodessing section is to convert

the data received by the photodetectors to a numerical readout of the

distance between the transmitter and receiver. Figure 12 blocks out this

section.

Photaoiode, Amplifier, Filter, and Comparator

Blocks #1 and #2 consist of the pulse reception and shaping net-

work. The complete diagram is drawn in figure 13. Note that the photo-

diode #1 and block #1 is identical to photodiode #2 and block #2.

The optical filter limits the amount of light intensity received

by the photodiode to that of light centered on wavelength 6328 angstroms

+- 30 angstroms. The current amplifier is of a standard configuration

which reverse biases the photodiode by 15 volts. The reverse bias is

desired both to operate in the linear region and to reduce the diode

capacitance so as to decrease the risetime.i For the PIN-10 diode, the

junction capacitance is around 10 pf with 15 volts back-biased. The

100 pf capacitor in the feedback configuration reduces the amplification

of the semiconductor shot noise. Figure 14 presents the various circuit

waveforms.

The filter section offers bandpass. amplification. To study the

effect of this network, consider the system in the s-domain:

X(s) Y(s)



Amplifier
Filter Pulse Set Counter 100 K Hz Clock
Comparator G Reset 50 K Hz Clock

1 a 5 6

i I D/A
n

Amplifier g 7
D Filter Gating for Storage Inverter

2 Comparator 3 9 A/D2I 8
Alignment Indicator LED 25 K Hz Storage and Seven

Clock Segment Decoder
6 10

Readout + Strobe

11

Figure 12. Block Diagram of the System Electronics
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Current Filter Comparator
Amplifier

Apf 1pf

PDB C D

15v

Light 1 10K

Optical
Filter

..Figure 13. Circuit Diagram for the Receiving Unit: Photodiode,

Amplifier, Filter and, Comparator

Waveform
A o 1 to 150 uamps
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Standard analysis gives us the system transfer function

H(s) = (-R2/sC2 )/(R1 /sC2 + RI/sC 1 + R1R2).
The s can be replaced by jw and the magnitude of the transfer function

described by H(jw) = aw/(b 2 + (1 - w2c)2)

where a = R2C1, b = R1(C 1 + C2), and c = R R2C C2 . This function of w,

the angular frequency, was numerically evaluated and plotted as a func-:

tion of the frequency, f. The results are computer plotted in figure 15.

From the graph, we see the 3 db lower cutoff point at around 400 Hz, the

upper at around 39 K Hz, and the maximum centered at 3 K HZ. The reason

a bandpass was selected over a high or low pass was, at the low end, to

eliminate any low frequency changes in the DC bias signal by, of example,

relatively slow changes in cloud formation; and, at the high end to re-

ject shot noises in the detectors. The primary requirement of the filter

is that it pass all of the possible signal frequencies.

To investigate the nature of the frequency spectrum of the signal,

consider the input signal pulse in the time domain at the two extreme

ranges as depicted in figure 16, where T has been calculated using.2T

= x/rw = Beamwidth/L(2 pi)(f). At a distance of 100', Ti00 = 66 usec.,

and T1000 = 20 usec. We can approximate the function (J (x)/x) 2 by a

cosine function within the first null-to-null range. Hence, the function

to be transformed into the frequency domain is the much simplified f(t)

= cos(pi t/2T), for /t/ T. Therefore, taking the Fourier Transform

results in oo
results in F(jw) = f(t)exp(-jwt)dt = cos(pi t/2T)exp(-jwt)dt

T
= S cos(pi t/2T) cos(wt)dt
-T

= T sin(pi/2 - wt) + T sin(pi/2 + wt)
(pi/2 - wt) (pi/2 + wt)
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Figure 15. Magnitude of the Transfer Function Plotted as a Function of Frequency N
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Figure 16. Input Pulse Signal in the Time Domain
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The second term in the expansion of exp(-jwt) drops out because the inte-

gral of cos(pi t/2T)sin(wt) over symmetrical limits is zero. Figure 17

sketches these functions. The major peak occurs where w = pi/2T. At

100', 2 pi f10 0 = pi/2T 100 , or the frequency is given by f 00 = 1/4T100"

At 1000', f10 00  1/4T 00 Since T00= 66 usec, and T = 20 usec.,0010000 " 0 1000

we have that f100 = 3.8 KHz, and f1000 = 12.5 KHz. The first null of

interest occurs where pi/2 + wT = -pi or where 3 pi/2 = wT. At 100',

f 00null = 3f 100. Therefore the minimum value occurs where f100 min

f 100/3 = 1.3 K Hz. The maximum occurs where f10 0 0 null f1000 max

3f1000 = 37.5 K Hz. Therefore, the upper and lower cutoff points should

be around 40:K Hz and 1 K Hz, respectively.

The value of R1,R2,C1, and C2 were therefore selected as R1

4.7 Kohms, R2 = 47 Kohms, C1 = 0.1 uf, and C2 = 100 pf, which gave the

lower cutoff as fL & 400 Hz, and the upper cutoff as fU 39 K Hz. The

general waveshape at point C after the filter is shown in figure 14.

The last element in this section is the comparator. Its function

is two-fold; first, to establish a threshold trigger voltage, and second,

to change any analog voltage to a digital 5 volts--0 volts logic level.

See figure 14. Figure 18 exhibits its characteristics for (a) zero

threshold level (+ input grounded) and (b) -1.5 volts threshold level

used in the actual design.

The constant may be varied from 0 to -2.5 volts. It's value is

set just above the threshold.of noise which may vary depending upon the

atmospheric conditions--bright sunlight as opposed to an after sunset

measurement.

Gating

Block #3 in figure 19 represents the section of the circuit which
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prepares the pulses to be used in such a manner so as to extract the

desired information. The circuit is depicted in figure 19.

The pulses as appearing at D are positive going--inverters I

and I2 switch the polarity of these pulses and AND GATE 1 adds these in-

verted pulses which gives the results at E as:

Ov U U....
T

where T is the quanity of interest. The reason for manipulation:'6f the

pulses into this form is to be able to use the leading edge of the input

pulses -from the photodiode to perform the logic functions to follow. If

the trailing edge were used, then the possible different reactions of

blocks 1 and 2 to varied signal intensities expecially to saturation

(which may occur at the lower ranges) would result in a time error e =

IAt 1 - at 2 1 , not readily predictable. Thus by using the leading edge,

times &ti and, t2 become irrelevant.

The AND GATE 2 guides the pulse set into block #5 which counts

40 pulse sets (40 pairs of pulses) and then disables the upper input to

AND GATE 2.

The JK flip-flop 1 has its Q output high for the duration of the

pulses, time T. Hence, at Q1 the following pulse is present

+L. T ...
+5v

Ov

The positive pulse is then sent to the D/A (digital to analog) converter

which converts the time information (pulse length T) into a negative an-

alog voltage. The JK flip-flop FF2 has its Q output Q2 ' go high at the



30

From Block #5
- To Block #5

AW
GATE 2

r To Block

Q 1 Q02 #7
E To Block

#9AND 
#9

GATE
p 2

2 Reset 1 Reset 3

Figure 19. Block #3: Gating Circuitry

From Block #3
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Q3
FF3
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-- LED Align

Reset 1

Figure 20. Block #4: Alignment Circuit
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termination of the pulse at Q1.

Alignment LED

Block #4 consists of a flip-flop whose Q output indicates, by

means of a transistor and LED (light emitting diode), a correct pulse

sequence. The LED is on during the time between the two leading edges of

the output of AND GATE 2. If the sweep beam is blocked during the 1 msec

to 10 msec interval when it passes across the photodetectors in such a

manner that only one photodiode receives a pulse, then the LED will in-

dicate that the reading is erroneous and must be repeated by remaining

almost constantly on except for the 1 to 10 msec. The circuit for Block

#4 is drawn in figure 20.

Pulse Set Counter and Reset Function

Block #5 counts 40 pulse sets and then disables the entire mea-

surement process. This offers an averaging process for 40 separate mea-

surements. Forty pulse sets were chosen as a compromise between time of

measurement and accuracy. The block essentially consists of 4 flip-flops

in a divide by 10 mode. It also contains a light emitting diode which

lights-up after the measurement to indicate that the process is terminat-

ed. Lastly, it has the manual reset which resets the complete system

preparing it to make another measurement. The Circuit is shown in figure

21.

Let the period of the input pulses be given by the diagram at

the top of page 29. Since the total period between subsequent pulse sets

is 1 second, the time remaining between the end of the pulse of width T,

and the remaining part is given by: 1 - T = a. The period of the pulse

sequence at Q4 is T + a (figure 22). Therefore, the period of FF 5

output Q5 is 2(T + a); of FF 6, Q6 ' is 4(T + a); of FF 7, Q7, is 8(T + a);
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To Block #3

SQ5 6 7 OP
From FF4 FF5 FF6 FF7 BCD1
Block 13

Reset Line
(on 0 volts)

+5vRo?(on +5 Volt

NAND 1 82 ohms

Resetl LED: READ
1

Figure 21.- Block #5: Pulse Set Counter and Reset Function

AND GATE 2

T a

Q1 +5v

T+a

- Figure 22. Waveforms for Block #5
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and, finally the putput of the divide by 10 is 80(T + a). Since the

counting sequence stops when the putput of BCD I (binary-coded decimal)

goes high, the period is halved: 40(T +aa). Since T + a = 1 second,

after 40 seconds the measuring process is terminated.

Clock

Since the transition from a pulse of width T to an analog volt-

age occurs by means of a process of counting clock pulses, it is imper-

ative that the clock be extremely precise and stable. This immediately

implies a crystal oscillator. There are three basic clock rates of in-

terest: 100 KHz, 50 KHz, and 25 Hz. These are derived from the basic

100 KHz clock oscillator by divider circuits. See figure 23.

Digital to Analog Converter

The information pulse Q1 of width T is gated with the 100 KHz

clock and fed into a series of 3 BCD counters. The outputs of these

three counters is fed into a digital to analog converter which converts

the 12 BCD inputs into a negative analog voltage. Note figure 24. This

conversion step is necessary in order to be able to invert the number

proportional to the pulse width by the "Hybrid-Optiverter"--an analog

to digital converter. The two inputs to the AND GATE 3 are inherently

asynchronous; ie, there is no possible way to synchronize the onset of

the pulse from Q1 with the clock.

During the time when Q1 is high, the 3 counters count pulses

from the 100KHz clock. At the close range (100'), Q1 is high for 10

msec. (T = 10 msec.). This allows (10msec)(100 KHz) = 1000 pulses.to be

counted. This corresponds to a -10 volt,-output from the D/A. At the

far end (1000'), Q1 is high for 1 msec. (T = 1 msec.). This allows

(1 msec)(100 KHz) = 100 pulses to be counted up. This corresponds to a
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Figure 24. Block #7: Digital to Analog Converter
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-1 volt output from the D/A.

Inverter and A/D Converter

The purpose of the so-called Hybrid-Optiverter chip is to con-

vert the analog voltage to a pulse density proportional to the inverse

of the analog input. The dual-in-line chip consists of an op-amp, com-

parator, and flip-flop (see figure 25). These in conjunction with a

FET transistor in the feedback loop accomplish the inverting function.

The function of the optiverter is as follows: The positive con-

stant current source feeds into a summing junction (point A in figure

25) of the op-amp; also, a variable negative current from the D/A feeds

into the same junction. The 0.03uf capacitor serves as an integrator and

when the FET is pinched off, it charges with a constant slope due to the

constant source. When the constant input current causes the comparator

to change states the FET is turned on for one clock period (50 KHz). Th

This allows the capacitor to gain a positive charge (with respect to the

inverting input of the op-amp) which is proportional to the magnitude of

the input from the D/A. With a large positive charge on the capacitor,

a relatively long time will be necessary to bring the junction of the

op-amp to cross the zero voltage level to cause the comparator to switch

states which causes the flipeflop to change states on the subsequent

clock downstroke. Since the output is taken as the Q of the flip-flop,

a large negative voltage implies a low pulse density--likewise, for a

small negative voltage, large pulse density will be obtained because

the charge on the capacitor never departs far from the zero voltage

axis. At all the in-between voltages, there is a direct linear relation-

ship.

There is now available a pulse density which is proportional to
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the inverse of the magnitude of the D/A voltage. However, since the

D/A voltage is directly proportional to the time interval, the pulse

density is inversely proportional to the time interval, T. The constant

of proportionality is obtained by adjusting the potentiometers controll-

ing the inputs to the Hybrid-Optiverter. This is also the process of

calibration. One establishes an accurate base line and then adjusts

either the D/A or the A/D to give the specific distance readout.

Gating for Storage

At the output of the optiverter there is a pulse density propor-

tional to the distance between the transmitter and receiver. Block #9

(figure 26) is the logic which samples this pulse density for 200 msec

and allows this sample to be stored additively on a series of counters.

The timing diagram for this process is displayed in figure 27.

The timing diagram is rather self-explanatory indicating that

Q10 is the gating pulse which allows the pulse density from the Hybrid-

Optiverter to be applied to the counter of block #10 for 200 msec at

which time the NAND gates reset the FF 10,FF 2, and subsequently the

BCD 8. It should be noted that the 200 msec is very stable--the stab-

ility being due to its derivation from the crystal clock.

Storage and BCD Seven Segment Decoder

Block #10 receives the 200 msec sample 40 times. Each sample

is added to the previous one. It's diagram is presented in figure 28.

At the end of the 40 pulse sets there is stored a number on the five

counters. In block #11 there is a strobing unit which sends positive

logic pulses to the NAND gate thru OE1 to OE5 in a uniform sequence

at a rate of 500 Hz. The reason for this is because it is desired to

use a single LED chip for the numeric readout. With only 14 pins access-



25 Hz Clock

T' To 40 msec

TQ 1

-Q2 ....
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Figure 27. Timing Diagram for Block #9 O
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ible for 5 digits, the unit must be strobed in order to obtain the five

digits appearing constantly displayed. The BCD to Seven Segment Decod-

er converts the BCD logic into the seven segment code necessary for the

readout which has seven segments per digit.

Readout and Strobe

The readout displayts at command whatever information is stored

in the 5 counters by actuating the switch in figure 28. This switch

enables the various LED's in the chip to be energized. The readout chip

and strobe are drawn in figure 29.

The hysteresis controlled NAND gate is an astable multivibrator

which causes the BCD to count up and when applied to the TTL 1/10 de-

coder a pulse sequence is established which progressively causes OE1 thru

OE 5 to go high at a rate determined by the astable multivibrator, in

this case 500 Hz.

As can be seen when, for example, OE3 is high, the information

from the third BCD counter is transferred to the seven segment decoder

and the third digit is enabled so that the information stored is dis-

played.-

In order to obtain a sense of unity, a timing diagram for the

entire circuit is included in figure 30.

There are a sum total of 40 pulses sets accepted, after which

time input signals are not processed; ie, BCD 1 remains high. FF 1 (Q )

gates the clock'for each pulse set period,.T. The output of the D/A

produces a negative analog voltage proportional to the number of counts

accepted. The optiverter generates a pulse density inversely propor-

tional to the negative analog voltage, which is gated into the storing

counters for 200 msec. Each separate reading is obtained byeseting
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all but the pulse set counter after each pulse set measurement is

recorded.

Figure 31 presents the complete circuit diagram.
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Figure 31. Complete Circuit Diagram (Refer to Chapter III for Details).4
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CHAPTER IV

RESULTS AND EVALUATION

Whenever a measurement is taken there exists some doubt as to

its accuracy. If a series of measurements are taken one observes that

each individual reading hovers about some "mean" value. The degree to

which the readings arerrepeatable is a measure of the accuracy of the

device.

In this distance measuring device there are two essential sources

of error: the sweep system and the electronic system. The sweep system

consisting of the servomotor will in itself exhibit two types of error--

a shift in absolute frequency due to component aging and/or thermal drift,

and that due to random temporary incremental frequency variation.

The second source of error resides in the electronic system. In

essence, the fact that the information pulse, T, is asynchronous with the

clock pulse causes the error. At 100', the counters associated with the

D/A receive 1000 pulses. Now, depending on the exact width of the pulse

T, there may be a zero or up to 50% probability that the number of pulses

accepted will vary by one pulse. This is realized from the diagram in

figure 32. Notice that when there is exactly an integral number of per-

iods T, then the probability that a pulse will be added or subtracted is

one half. Under the worst conditions where P = at 100', there is a

variation of 1 pulse per 1000 pulses or 0.1%; at 1000', there is a var-

iation of 1 pulse per 100 of 1%.

Of the two sources of error, it is inferred that in the present

system the electronics is the major source of error. Long term (times

greater than 40 seconds) shifts in absolute frequency of the servomotor

is not a factor because the frequency is adjustable and can be set to the
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desired frequency. However, random shifts are still present and cannot

be completely averaged out in 40 pulse set readings. The magnitude of

the random error from the electronics alone was recorded at 100' and is

seen to comprise approximately one half of the standard deviation squared

of the readings. We now infer that because the effective measuring time

varies between 10 msec and 1 msec out of 1000 msec (1% maximum) that the

nature of the random error will not vary over the entire measuring range.

Hence it is concluded that o- (standard deviation of the sweeper) is
s

constant over the complete range (figure 33).

Tables I and II present the data recorded from 100' to 300' as

actually measured by the instrument. Also included is data recorded by

the electronics using two pulse generators instead of the beam sweeper.

This was done in order to obtain the standard deviation of the electronics

alone. Unfortunately, the pulse generators were not sufficiently stable

in order to obtain accurate information about the standard deviation at

the longer distances (small pulse separation).

The standard deviation as calculated by the equation given on

page 6 where n = 30 is plotted as a function of distance up to 300' and

extrapolated to 1000' assuming linearity presides (figure 33). Also

drawn are the standard deviations of the sweeper and electronics.

If the assumption is made that the two sources of error are in-

dependent, the standard deviation squared of the total unit can be sepa-

2 2 2rated as o- = o-S + o-E , where the S and E stand for sweep and elec-

tronics respectively. Also assuming.that the standard deviation due to

the sweeper remains constant, the two curves can be separated and depict-

ed as in figure 34.

Since the standard deviation for second order measurements should
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TABLE I

DATA RECORDED BY INSTRUMENT

Distance 100' 150' 200' 250' 300'
Reading

1. 100.12 150.23 200.11 250.07 300.09
2. .16 .14 .08 .17 .19
3. .09 .23 .03 .07 .08
4. .18 .19 .10 .13 .05
5. .11 .17 .03 .15 .18
6. .14 .14 .05 .05 .03
7. .16 .20 199.98 .02 299.98
8. .14 .15 .02 .07 .10
9. .14 .13 .14 .14 .05

10. .12 .17 .10 .08 .02
11. .16 .22 .02 .06 .11
12. .18 .18 .09 .08 .08
13. .11 14 .04 .06 .08
14. .16 .18 .04 249.99 .11
15. .16 .20 .04 .05 299.97
16. .14 .17 .09 .15 .13
17. .11 .23 .03 .10 .12
18. .13 .22 .01 .06 .08
19. .14 .13 .04 249.98 .03
20. .16 .17 .10 .08 .04
21. . .10 .16 .13 .10 .06
22. .14 .15 .03 .04 .04
23. .10 .20 .06 .06 .11
24. .13 .17 199.99 .10 .00
25. .14 .20 .01 .11 .10
26. .13 .19 199.98 .03 .09
27. .09 .24 .02 .03 299.99
28. .18 .17 .10 .10 .14
29. .12 .22 .08 .04 .04
30. .13 .19 .01 .01 .08

TABLE II
DATA RECORDED WITH PULSE GENERATORS

1. 100.01 11. 100.00
21 .06 12. .04
3. .03 13. .01
4. .02 14. .07 Standard Deviation
5. .02 15. .02 o- = 0.017
6. .05 16. .02
7. .04 17. .03
8. .03 18. .02
9. .00 19. .03

10. .06 20. .05
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not exceed 0.03, it is obvious that the system will only measure with

this accuracy up to about 150'; however, if enough measurements are made,

the system can produce second order accuracies.

In order to investigate this, consider the standard deviation of

the new parameter s = o-/(n)2 , where s is the standard deviation of the

mean and n is the number of readings. For second order, s = L/15,000max

where L is the distance measured and 15,000 is the quanity defining the

second order accuracy. With thirty measurements, Table III gives the

standard deviation of the mean for 5 distances measured and the 1000'

conjucture.

TABLE III

STANDARD DEVIATION OF THE MEAN

Distance o- s s(maximum)
100' .026 .0047 .0067
150' .031 .0057 .0100
200' .043 .0078 .0133
250' .049 .0110 .0167
300' .054 .0121 .0200

1000' .140 .0312 .0667

It is therefore seen that with thirty measurements taken, the

system falls well within the second order requirements. However, thirty

measurements takes around 20 minutes to record, which is too much time;

so let us investigate just how many measurements are needed to obtain

the second order accuracy and no more.

Table IV presents the values of o- and s for the number of mea-

surements necessary to keep s less than or equal to smax."
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TABLE IV

STANDARD DEVIATION OF THE MEAN ( n minimized)

Distance o- n s s(maximum)
100' .026 16 .0065 .0067
150' .036 13 .0100 .0100
200' .046 13 .0130 .0133
250' .049 10 .0156 .0167
300' .062 10 .0196 .0200

From the table, the maximum number of measurements that need-be taken is

16, the average being 12. Hence, with the circuit design presently em-

ployed, if one takes 12 readings and then averages them, the reading will

be of second order accuracy. This averaging procedure is justified be-

cause the nature of the error is random and will average out if enough

readings are taken.

A significant improvement in the circuit could be incorporated

into the design by replacing the 3-counter D/A by a 4-counter D/A (with

a ten-fold unit increase in cost from $25 to $250), this would improve

the accuracy of the electronics by a factor of ten--from 1 part per 1000

at 100' to 1 part per 10,000; and, from 1 part per 100 at 1000' to 1 part

per 1000. The net effect would be as shown by figures 35 and 36. In fig-

ure 35, the total standard deviation squared is the sum of o-S and o-E

(dotted line), where the new standard deviation squared of the elec-

tronics is 1/100 of the old.

The addition of the 4-counter D/A would make the system much more

accurate. It would also make the servomotor variation and misalignment

of the photodiodes to become the limiting factor in the system error

because the standard deviation due to the electronics would drop below the

value due to the electronics. This is assuming that the limit of resolu-

tion of the Hybrid-Optiverter was not exceeded. This aspect of the opti-
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verter remains to be investigated, however, it might be stated, that in

order to get this resolution the clock rate supplied to the Optiverter

would have to be increased, and the highest quality components associated

with the unit be used. The constant source of current would have to be

constant to at least 1 part per 10,000. Also, the assumed standard de-

viation of the sweeper would -most probably differ from that given and

would certainly have to be investigated. Again, alignment errors would

also appear as being significant.

Another aspect of the system which could possibly improve its

performance and cost would be to replace the servomotor with a tauntband

optical scanner.

As a final note the dual photodetector system used could be re-

placed by a single photodiode with a mirror arrangment. The orginal design

with two separate units was used to assure absolute separation of the

signals; however, as the design proceeded and the system time parameters

established, it is considered that the worst case 1 msec pulse separation

is sufficient to allow the receiving system to recover its initial con-

ditions regardless of possible states of saturation of the various com-

ponents.

Cost Analysis

The system could be designed to mount on existing equipment al-

ready owned by the surveyer. Therefore the major cost lies in the com-

ponents themselves. A rough estimate of the value of these is as follows:

1 Photodiode $ 40
I Optical Filter 65
1 4-Counter D/A 250

25 IC Chips 40
14Transistors 10

1 5 Digit LED Readout 60
I Laser 250

Miscellaneous 100
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The total cost for one unit would be $815.

Conclusion

Through the design and construction 6f the short-range distance

measuring instrument, it has been shown that the accuracies required can

be achieved by taking a series of measurements and averaging them. A

circuit modification consisting of replacing the 3-counter D/A by a 4-

counter D/A would substantially reduce the system errors producing a con-

venient effective low cost instrument of the desired accuracy.
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